Introduction
============

Brain ischemic stroke, a serious disease in the central nervous system (CNS), is becoming a prominent public health risk ([@b1-ijmm-43-03-1356]-[@b3-ijmm-43-03-1356]). Generally, vascular recanalization to obtain timely reperfusion is the preferred treatment in clinical practice. However, reperfusion can induce further unexpected brain injury, termed cerebral ischemia reperfusion injury (CIR) ([@b4-ijmm-43-03-1356]). Previous studies have demonstrated that the inflammatory response has an important role in the outcome of stroke ([@b5-ijmm-43-03-1356],[@b6-ijmm-43-03-1356]). Thus, anti-inflammatory therapy may lessen neurological deficits by ischemic stroke and it may serve as a potential therapeutic strategy following ischemic stroke ([@b3-ijmm-43-03-1356]).

Biliverdin (BV) is a metabolite of heme catabolism that has a protective role in lung graft injury, hemorrhagic shock and resuscitation-induced lung injury through anti-inflammatory and antioxidant mechanisms ([@b7-ijmm-43-03-1356],[@b8-ijmm-43-03-1356]). A previous study has suggested that exogenously administered carbonic oxide (CO) and BV have potent cytoprotective effects on intestinal ischemia reperfusion injury ([@b9-ijmm-43-03-1356]). In addition, BV administration can ameliorate CIR in rats, and the mechanism may be related to the downregulation of proinflammatory factors. To date, two pathways are known to be involved in the anti-inflammatory mechanism of BV. By activating the nitric oxide-dependent BV reductase, BV reduces the expression of toll like receptor-4 (TLR-4) in murine macrophages. BV regulates the lipopolysaccharide (LPS)-mediated expression of complement C5a receptor 1 via the mammalian target of rapamycin (mTOR) pathway ([@b10-ijmm-43-03-1356],[@b11-ijmm-43-03-1356]). While the anti-inflammatory mechanism of BV has been the focus of previous studies, the molecular network upstream and downstream of BV is largely unknown.

MicroRNAs (miRNAs), small non-coding RNAs of 21-23 bp in length, serve crucial roles in several biological processes. By binding to the 3\'-untranslated region (UTR) of target mRNA, miRNAs induce mRNA cleavage or translation inhibition ([@b12-ijmm-43-03-1356]). Each miRNA has multiple potential mRNA targets, and therefore, a broad-spectrum gene expression can be affected by an specific miRNA ([@b13-ijmm-43-03-1356],[@b14-ijmm-43-03-1356]). Recent studies have demonstrated that miRNA inhibitory activity can be quantified by examining their target mRNA expression levels ([@b15-ijmm-43-03-1356]). However, the relation between miRNA and mRNA during CIR pathogenesis following BV administration remains to be determined.

In the present study, it was hypothesized that miRNA and mRNA expression may be regulated by the BV anti-inflammatory mechanism in CIR rats. To explore the potential miRNA-mRNA regulatory mechanism and relevant signaling pathways, a rat middle cerebral artery occlusion (MCAO) model was first established and then BV treatment was performed. Subsequently, the expressional network of miRNAs and mRNAs was examined by microarray, bioinformatics, and integrated genomics analyses. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed to validate the reliability of microarray data. Lastly, miRNA204-5p was confirmed to directly target ETS proto-oncogene 1 (Ets1) following BV administration in CIR rats. To the best of our knowledge, this is the first report of the integrated molecular network of miRNA with gene microarray expression following BV treatment in CIR rats. The present data suggested that miRNAs, such as miRNA204-5p, can act as key regulators to target Ets1 in endogenous responses to stroke. Therefore, manipulation of these miRNAs might serve as a novel diagnosis or therapeutic indication for acute stroke patients.

Materials and methods
=====================

Animals and experimental groups
-------------------------------

Animal care and all experimental protocols involving animals were approved by the Animal Care and Welfare Committee of Kunming Medical University (Kunming, China). A total of 36 adult male Sprague-Dawley (SD) rats (specific pathogen-free; age, 8-12 weeks; weight, 220±10 g; Kunming Medical University Laboratory Animal Research Center, Kunming, China) were used in the study. All rats were housed at room temperature (21-25°C) with 45-50% humidity and a 12-h light/dark cycle, with free access to soft food and tap water. Rats were randomly divided into three groups ([Table I](#tI-ijmm-43-03-1356){ref-type="table"}): Sham group (S, sham operation); Brain ischemic and vehicle control group (C, CIR + normal saline); and brain ischemic with BV treatment group (BV, CIR+BV).

Animal model of MCAO and BV administration
------------------------------------------

The right middle cerebral artery was occluded according to the standard operation procedures for MCAO in rats ([@b16-ijmm-43-03-1356]). Briefly, animals were anaesthetized by an intraperitoneal (ip) injection of 5 mg/kg xylazine HCl and 40 mg/kg ketamine HCl, and then a midline neck incision was made. The right common carotid artery (RCCA), right external carotid artery, and right internal carotid artery were isolated for inserting the nylon monofilament (diameter 0.24 mm; Johnson & Johnson, New Brunswick, NJ, USA) through a small incision in the RCCA. The monofilament was fixed in position tightly and then the incision was sutured. Rat body temperature was maintained at 36.5±0.5°C using a heating lamp. A laser Doppler system (Peri-Flux System 5000; Perimed, Jarfalla, Sweden) was used to supervise regional cerebral blood flow (rCBF). Rats in which rCBF did not drop \<20% of the baseline levels following MCAO were excluded from analysis. Sham group rats underwent the same procedures without inserting a nylon thread. After 2 h of tMCAO, CBF was recovered by removing the nylon thread, and the incision was closed.

BV HCl (Frontier Scientific, Inc., Logan, UT, USA) was dissolved in 0.2 N NaOH and adjusted to final pH 7.4 with HCl. As previously published, BV was diluted in saline and injected (35 mg/kg ip) to rats 15 min prior to reperfusion, then once again 4 h after reperfusion, and twice per day thereafter ([@b17-ijmm-43-03-1356]). In the vehicle control group, the same volume of saline alone was injected in the same way. Stroke-onset was assessed by circadian rhythm disturbances in heart rate (HR) and mean arterial blood pressure (MABP).

Neural behavioral test
----------------------

Rats from the three groups were scored by an evaluator with neurological severity scores (NSS), as previously reported ([@b17-ijmm-43-03-1356]), at day 1 and 2 post-reperfusion. The NSS includes four physiological function evaluation scores: Feeling, movement, reflection and balance. Scores 1-6 indicate mild injury, 7-12, moderate injury, and 13-18, severe injury. The neural behavioral test was conducted by an evaluator that was blinded to the treatments.

Evaluation of cerebral infarct volume indicated by 2,3,5-triphenyltetrazolium chloride (TTC) staining
-----------------------------------------------------------------------------------------------------

Whole brain tissue was harvested after 2 h of ischemia, followed by 48 h of reperfusion, and the integrity of the brain was maintained upon removal (n=3 for each group). Brain tissue from bregma was cut into 2 mm thick coronal slices. Brain slices were then incubated in 2% TTC solution at 37°C for 30 min in the dark, as previously described ([@b18-ijmm-43-03-1356]). After staining, the sections were washed with PBS (3 times, 1 min each) and fixed in 4% paraformaldehyde for 24 h. Color images of these sections were directly obtained with a stereomicroscope by an evaluator that was blinded to the treatments, and the infarct areas of each section were measured with ImageJ 1.4 software (National Institutes of Health, Bethesda, MD, USA). To compensate for the effect of brain edema following cerebral infarction, the corrected infarct volume was calculated as the sum of the infarct areas multiplied by the section thickness (2 mm), and expressed as a % of the contralateral (non-occluded) hemisphere.

RNA isolation
-------------

Expression levels of inflammatory factors were the most obvious at 2 h ischemia and 6 h following reperfusion, according to our previous study ([@b17-ijmm-43-03-1356]); therefore, the ipsilateral ischemic cortex at 6 h following reperfusion was selected to perform miRNA and mRNA assays. In the C and BV groups, the lesion tissue from the ipsilateral ischemic cortex was obtained from rats at 2 h ischemia and 6 h post-reperfusion, with the corresponding cortex harvested from the S group as well. Three samples of each group were pooled into one S pool, one C pool and one BV pool for microarray analysis, and each pool was on a different microarray chip. Briefly, after rats were anaesthetized by an ip injection of 5 mg/kg xylazine HCl and 40 mg/kg ketamine HCl, the brain cortex of ischemia regions was harvested and fresh-frozen in liquid nitrogen. Total RNA was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and purified with RNeasy mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer\'s instructions. RNA quality and quantity was measured with a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies; Thermo Fisher Scientific, Inc.) and RNA integrity was determined by gel electrophoresis.

miRNA microarray analysis
-------------------------

After total RNA samples were labelled using the miRCURY Hy3/Hy5 Power labeling kit (Exiqon; Qiagen), they were hybridized to a 12-Bay Hybridization System (Nimblegen Systems, Inc., Madison, WI, USA) to detect miRNA expressional profiles. Then, the positive signal was recorded using the Axon GenePix 4000B micro-array scanner (Axon Instruments; Molecular Devices, LLC, Sunnyvale, CA, USA). Subsequently, the scanned images were imported into GenePix Pro 6.0 software (Axon Instruments; Molecular Devices, LLC) for grid alignment and data extraction. Replicated miRNAs were averaged and miRNAs with intensities ≥30 in all samples were selected for calculating the normalization factor. Expressed data were normalized using the Median normalization. Following normalization, differentially expressed miRNAs between two samples were filtered through fold change. The miRNA array results following normalization and fold changes are listed in [Table II](#tII-ijmm-43-03-1356){ref-type="table"}. Finally, hierarchical clustering was performed to display distinguishable miRNA expression profiles among samples.

Gene microarray analysis
------------------------

Sample labeling and array hybridization were performed according to the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technologies, Inc., Santa Clara, CA, USA). Briefly, mRNA was purified from total RNA after removal of rRNA (mRNA-ONLY Eukaryotic mRNA Isolation kit; Epicentre; Illumina, Inc., San Diego, CA, USA). Then, each sample was amplified and transcribed into fluorescent cRNA along the entire length of the transcripts without 3\' bias utilizing a random priming method (Arraystar Flash RNA Labeling kit; Arraystar, Inc. Rockville, MD, USA). The labeled cRNAs were purified with RNeasy Mini kit (Qiagen GmbH). Labeled samples hybridized for 17 h at 65°C in an Agilent hybridization oven. Then, the hybridized arrays were washed, fixed and scanned with the Agilent DNA Microarray Scanner (part no. G2505C). Agilent Feature Extraction software (version 11.0.1.1; Agilent Technologies, Inc.) was used to analyze acquired array images. Quantile normalization and subsequent data processing were performed with GeneSpring GX v12.1 software package (Agilent Technologies, Inc.). Differentially expressed mRNAs between the two samples were identified through fold change filtering.

qPCR verification for miRNA microarray data
-------------------------------------------

To validate the microarray data, first 20 differentially expressed miRNAs were selected for qPCR. Total RNA from the brain cortex of ischemia region was extracted with TRIzol (Thermo Fisher Scientific, Inc.). Poly(A) Tailing and reverse transcription were performed with the All-in-one miRNA qRNA miRNA qPCR Start kit (Yijing, Guangzhou, China) in a DNA thermal cycler (T100 TM; Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 85°C for 5 min. Then, qPCR was performed using a SYBR-Green RT-PCR Master Mix kit (Takara Biotechnology Co., Ltd., Dalian, China). The annealing temperature was 53°C. The reaction was performed at 95°C for 2 min and 40 cycles of 95°C for 20 sec, 53°C for 30 sec and 60°C for 40 sec. The primers used (Sangon Biotech Co., Ltd., Shanghai, China) are listed in [Table III](#tIII-ijmm-43-03-1356){ref-type="table"}. The U6 gene was used as the internal control. Relative levels of miRNA were calculated using the formula 2^−ΔΔCq^ ([@b19-ijmm-43-03-1356]). At least three independent biological replicates were used for miRNA.

Bioinformatics prediction
-------------------------

Predicted target genes of candidate miRNAs were determined using three bioinformatics prediction tools: TargetScanv6.2 (<http://www.targetscan.org/mamm_31/>), miRmap (<http://mirmap.ezlab.org/>), and miRDB (<http://www.mirdb.org/miRDB/>). The selection criteria were correlation \>0.99 or correlation \<-0.99, and P-value \<0.05. The genes that overlapped in all three databases were selected for further functional analyses. The miRNAs and predicted mRNA target genes were then subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses using David v6.7 (<http://david.abcc.ncifcrf.gov/>) online. Cytoscape version 3.4.0 was used to visualize the connections between the miRNAs and their predicted gene targets. Additionally, the sequences of the target genes were obtained from the TargetScanv6.2 (<http://www.targetscan.org/mamm_31/>), miRmap (<http://mirmap.ezlab.org/>) and miRDB (<http://www.mirdb.org/miRDB/>) databases, and the complementarity of the miRNAs with the 3\'UTR regions of target genes was examined by manual method.

Integration of miRNA and mRNA
-----------------------------

First, significant differentially expressed mRNAs were identified by fold change ≥2 of each data set for further data analysis. Further testing involved determination of the overlap between predicted gene targets of candidate miRNAs and mRNAs array. In order to select relatively novel genes, those overlapped mRNAs were searched in PubMed web source (<https://www.ncbi.nlm.nih.gov/pubmed/>), and candidate genes were verified by qPCR.

qPCR verification for candidate genes
-------------------------------------

A total of 33 candidate genes were verified using qPCR. Total RNA from the brain cortex of ischemia region was extracted with TRIzol (Thermo Fisher Scientific, Inc.). After RNA samples were reverse transcribed into cDNA using the RevertAidTM First Strand cDNA Synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc.), qPCR was performed using a SYBR Green RT-PCR Master Mix kit (Takara Biotechnology Co., Ltd.). The annealing temperature was 53°C. The reaction was performed at 95°C for 2 min and 40 cycles of 95°C for 20 sec, 53°C for 30 sec and 60°C for 40 sec. The primers are listed in [Table IV](#tIV-ijmm-43-03-1356){ref-type="table"}. β-actin was used as the internal control. Relative expression levels of mRNA were calculated using the formula 2^−ΔΔCq^ ([@b19-ijmm-43-03-1356]). At least three independent biological replicates were used for mRNA.

Luciferase assay
----------------

The miRNA mimics and the 3\'UTR plasmids of Ets1, glucosaminyl N-acetyl transferase 2 (GcnT2), Rho family GTPase 3 (Rnd3), prolyl 4-hydroxylase subunit β (P4hb), MAF bZIP transcription factor B (mafb), and mitogen-activated protein kinase kinase 6 (map2K6) were supplied by RiboBio Co., Ltd. (Guangzhou, China). 293T cells (5×10^4^ per well) were seeded in a 96-well plate 24 h prior to transfection. Each well was transfected with 1 ng/*µ*l of the 3\'UTR luciferase vector and 50 nM of the miRNA mimic using a FECT transfection kit (RiboBio Co., Ltd.). The assay was performed using the Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) 48 h after transfection, using Renilla luciferase as the reporter and firefly luciferase as the control. Luminescence was measured with a Synergy 2 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Statistical analysis
--------------------

All data were represented as mean ± standard deviation. For multiple group comparisons, one-way analysis of variance with Tukey\'s post hoc test was applied. All statistical analyses were performed with SPSS 19.0 software (IBM Corp., Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

BV treatment decreases cerebral infarction volume and may improve functional recovery
-------------------------------------------------------------------------------------

To examine whether BV treatment following MCAO could reduce the functional deficits caused by ischemic brain injury, TTC staining was used to detect the infarct volume at 48 h post-reperfusion. The borders of the TTC stain enclosing the white infarct area were readily distinguishable in contrast to the red color which is the normal tissue ([Fig. 1A](#f1-ijmm-43-03-1356){ref-type="fig"}). The infarct volumes % observed in the C group was significantly larger compared with the S group (38.25±7.87 vs. 00.00±0.00; P\<0.01; [Fig. 1A and B](#f1-ijmm-43-03-1356){ref-type="fig"}). The infarct volumes observed in the BV group were obviously decreased compared with the C group (38.25±7.87 vs. 25.93±6.02; P\<0.05; [Fig. 1A and B](#f1-ijmm-43-03-1356){ref-type="fig"}).

To determine the effect of BV treatment on the neurological function following MCAO, NSS was used to assess the functional recovery. The NSS test was performed at day 1 and 2 post-reperfusion. Compared with the S group, functional deficits were impaired by ischemic insult in the C group (P\<0.01; [Fig. 1C](#f1-ijmm-43-03-1356){ref-type="fig"}). However, a slight recovery of neurological functions was observed in the BV group ([Fig. 1C](#f1-ijmm-43-03-1356){ref-type="fig"}). Therefore, it can be concluded that BV treatment effectively decreased cerebral infarction volume and may improve functional recovery.

In addition, the effects of BV administration on MABP and heart rate (HR) were evaluated in the S, C and BV groups ([Table V](#tV-ijmm-43-03-1356){ref-type="table"}). Compared with the S group, MABP was decreased in the C group, while BV treatment reversed this decline. Compared with the S group, HR was increased in the C group, and BV treatment significantly alleviated this increase.

BV administration alters miRNA expression in the rat MCAO model
---------------------------------------------------------------

miRNA microarray analysis was used to detect the expression profiles of miRNAs in brain tissues isolated from the three groups (n=3 rats per group), in order to examine whether BV treatment can alter the expression profile of miRNAs following cerebral ischemia. miRNA microarray analysis revealed that 86 miRNAs were differentially expressed (fold change ≥2) in the BV group compared with the other groups ([Fig. 2](#f2-ijmm-43-03-1356){ref-type="fig"}). The dramatic expression change in the three groups indicates that the BV administration altered the miRNA response to stroke.

qPCR verification of miRNA array results
----------------------------------------

A total of 20 miRNAs were selected from the miRNA array with the top 10 fold change of \'Up/Down\' or \'Down/Up\' groups. These included rno-miR-181b-5p, -204-5p, -664-1-5p, -126a-5p, -124-5p, -376a-5p, -27a-3p, -29b-3p, -136-5p, -363-5p, -324-5p, -3072, -124-3p, -375-5p, -3573-3p, -150-5p, -935, -133a-3p, -539-3p, -370-3p ([Fig. 3A](#f3-ijmm-43-03-1356){ref-type="fig"}). Compared with the S group, miRNAs were upregulated in the C group, but downregulated in the BV group, from the group referred as \'Up/Down\', which contains 32 miRNAs. By contrast, the other 54 microRNAs changed trends were on the contrary referred to as \'Down/Up\'. Except for rno-miR-136-5p, -363-5p, -324-5p, -124-3p, 3573-3p, 133a-3p, -370-3p, all other miRNAs verified by qPCR exhibited similar alterations as detected by microarray ([Fig. 3B](#f3-ijmm-43-03-1356){ref-type="fig"}).

GO and KEGG analysis of miRNAs
------------------------------

To determine the potential influence of the differentially expressed miRNAs following BV treatment in MCAO, the potential target genes of these miRNAs were predicted by Targetscan v6.2, miRmap and miRDB analyses. Some miRNAs had a large number of target genes, including rno-miR-181b-5p, -124-5p, -376a-5p, -664-1-5p, -126a-5p; -27a-3p, -3072, -935, 539-3p, while others had just one target, such as rno-miR-375-5p.

A total of 1,052 predicted target genes were identified (\'Up/Down\' miRNAs group, 225 genes; \'Down/Up\' miRNAs group, 727 genes). Among them, 970 predicted genes had David IDs and were subjected to GO and KEGG analysis in DAVID v6.7. (\'Up/Down\' miRNAs group, 222 genes; \'Down/Up\' miRNAs group, 718 genes).

Analyzing the target genes of the \'Up/Down\' group revealed that GO processes associated with metabolism were significantly overrepresented in these genes, such as regulation of mitochondrial depolarization, glutamate metabolic process, glutathione biosynthetic process, and protein serine/threonine phosphatase activity. In addition, overrepresented pathways included the TNF, MAPK, cAMP, FoxO and insulin signaling pathways, as well as herpes simplex infection and transcriptional misregulation in cancer ([Fig. 4A](#f4-ijmm-43-03-1356){ref-type="fig"}).

Analyzing the target genes of the \'Down/Up\' group revealed overrepresentation of GO processes associated with ubiquitination, such as ubiquitin conjugating enzyme binding, thiol-dependent ubiquitin-specific protease activity, thiol-dependent ubiquitin-specific protease activity, SCF and Cul3-RING ubiquitin ligase complex, ubiquitin ligase complex, the pathway including proximal tubule bicarbonate reclamation, inositol phosphate metabolism, phosphatidylinositol signaling system, GABAergic synapse, and the NOD-like receptor signaling pathway. The inflammation-related TNF pathway and the neuronal function-related biological functions, including positive regulation of apoptotic signaling pathway, postsynaptic density, synapse, GABAergic synapse and regulation of blood vessel size, may explain how BV exerts its neuroprotective effects in MCAO ([Fig. 4B](#f4-ijmm-43-03-1356){ref-type="fig"}).

Integration analysis of miRNA and mRNA
--------------------------------------

Because each miRNA has multiple potential mRNA targets, one mRNA can regulated by multiple miRNAs. The 13 miRNAs that were confirmed by qPCR were further analyzed and their 1,052 predicted target genes were screened. The results demonstrated that except for rno-miR-124-5p and rno-miR-375-5p, 126 genes had at least two miRNAs co-regulation ([Fig. 5A](#f5-ijmm-43-03-1356){ref-type="fig"}). In order to screen more accurate target genes of miRNAs, the results from the miRNA microarray were compared to the results from the mRNA microarray. The mRNA microarray assay revealed a total of 1,718 genes with fold change ≥2 (group C vs. group S, group BV vs. group C). Of the 1,718 genes, 49 genes overlapped with miRNA target genes (Sox7, Fbxo33, Spry4, Plekha8, Ets1, Cd4, Gcnt2, Dll4, Nfe2l2, Pparg, Csrnp1, En2, Rgs1, Litaf, Rnd3, Zc3h12d, Hbegf, Ier3, P4hb, Mthfd2, Mafk, Nr4a3, Tnf, Il1a, Adamts1, Dusp5, B4galt1, Slc25a25, Cyr61, Esm1, Pgf, Vps37c, Zmiz1, Rhoq, Emp1, Tagln2, Plp2, Zkscan1, Dgkg, Megf9, Zbtb3, Guca1b, Pnrc1, Ankrd12, Kcnab3, Map2k6, Scn4b, Tlr5, Cmklr1). Among the 49 genes, 33 candidate genes were selected for qPCR verification, including Sox7, Fbxo33, Plekha8, Ets1, Gcnt2, Csrnp1, En2, Rgs1, Litaf, Rnd3, Zc3h12d, P4hb, Mthfd2, Mafk, B4galt1, Slc25a25, Esm1, Vps37c, Zmiz1, Rhoq, Tagln2, Plp2, Zkscan1, Dgkg, Megf9, Zbtb3, Guca1b, Pnrc1, Ankrd12, Kcnab3, Map2k6, Scn4b, Cmklr1 ([Fig. 5B](#f5-ijmm-43-03-1356){ref-type="fig"}).

qPCR verification of target mRNAs
---------------------------------

qPCR was performed to identify target mRNAs of miRNAs, which may be related with BV treatment in MCAO. Based on the criteria that the target mRNA should display an inverse expression correlation with the miRNA, 33 mRNAs were tested. These included the genes Sox7, Fbxo33, Plekha8, Ets1, Gcnt2, Csrnp1, En2, Rgs1, Litaf, Rnd3, Zc3h12d, P4hb, Mthfd2, Mafk, B4galt1, Slc25a25, Esm1, Vps37c, Zmiz1, Rhoq, Tagln2, Plp2, Zkscan1, Dgkg, Megf9, Zbtb3, Guca1b, Pnrc1, Ankrd12, Kcnab3, Map2k6, Scn4b, Cmklr1. Excepting Plekha8, Zbtb3, Megf9, Dgkg, Ankrd12, Kcnab3 and Cmklr1. The results demonstrated that out of these 33 genes, 26 were changed in accordance to the \'microRNA-mRNA\' regulatory mechanism identified by the microarray analyses ([Figs. 5B](#f5-ijmm-43-03-1356){ref-type="fig"} and [6](#f6-ijmm-43-03-1356){ref-type="fig"}).

Additionally, using luciferase assay, the regulation relationship of Ets1 and miR-204-5p was examined. Firstly, the conserved binding site of the target gene was compared with the miRNAs, and it was hypothesized that an effect of miR-204-5p on the Ets1 3\'UTR was mediated via a single, highly conserved binding site ([Fig. 7A](#f7-ijmm-43-03-1356){ref-type="fig"}). Then, the full-length 3\'UTR of the transcript was cloned downstream of a luciferase reporter vector ([Fig. 7B](#f7-ijmm-43-03-1356){ref-type="fig"}). The reporter vector, in combination with miRNA mimics, was co-transfected into 293T cells, and luciferase activity was monitored 48 h later. A robust decrease in luciferase activity was observed in the miR-204-5p group, while the negative control (NC) miRNA had no effect on luciferase activity ([Fig. 7C](#f7-ijmm-43-03-1356){ref-type="fig"}).

Discussion
==========

The present study investigated the molecular network of miRNA and mRNA expression to modulate critical processes in CIR rats following BV administration. To clarify the influence of miRNA and mRNA on CIR rats, a model of BV treatment in MCAO rats was established and the expression change of mRNA and miRNA were evaluated by microarray analysis. The microarray data were then verified using qPCR. Furthermore, combined with bioinformatics prediction, BV treatment was demonstrated to alter the expression profile of multiple miRNAs and mRNAs in the cortex of rats. Among them, there were 10 miRNAs and 26 candidate genes that comprised a core \'microRNA-mRNA\' regulatory mechanism ([Fig. 8](#f8-ijmm-43-03-1356){ref-type="fig"}).

First, the present study successfully established the MCAOs model, as confirmed by TTC staining. At 48 h post-reperfusion, BV treatment markedly reduced the infarct size and slightly decreased the NSS score, compared with the vehicle control group. Generally, the changes of morphology and function were followed by changes in gene expression. A previous study has indicated that administration of BV resulted in rapid appearance of bilirubin in the serum and significantly suppressed IRI-induced liver dysfunction in swine ([@b20-ijmm-43-03-1356]). Exogenously administered CO and BV have been demonstrated to exhibit potent cytoprotective effects on intestinal IRI ([@b9-ijmm-43-03-1356]). Recent evidence has demonstrated that BV has a protective role against lung graft injury, hemorrhagic shock and resuscitation-induced lung injury through anti-inflammatory and antioxidant mechanisms ([@b8-ijmm-43-03-1356],[@b21-ijmm-43-03-1356]). The present findings suggested that the molecular network of miRNA-mRNA expression may regulate critical processes to attenuate the release of inflammatory factors in CIR rats following BV administration.

Next, through GO analysis, the function of 26 candidate genes was divided into six categories. The first category was related to cell proliferation, and included the genes En2, Rnd3, Sox7, Mthfd2, β4GalT, MaP2K6, Gcnt2, and Zmiz1. Engrailed 2 (En2) is expressed in all cerebellar cell types, and is critical for regulating the formation of specific fissures and general growth of the cerebellum ([@b22-ijmm-43-03-1356]). Downregulation of Rnd3 promotes glioma cell proliferation ([@b23-ijmm-43-03-1356],[@b24-ijmm-43-03-1356]). Overexpression of sex determining region Y-box 7 (Sox7) antagonizes cell growth and promotes apoptosis in a number of cancer cell lines ([@b25-ijmm-43-03-1356]-[@b27-ijmm-43-03-1356]). Furthermore, the overexpression of Mthfd2 promotes tumor cell proliferation ([@b28-ijmm-43-03-1356],[@b29-ijmm-43-03-1356]). β4GalT functions in several types of cancer, such as renal cancer, leukemia and neural crest-derived tumors, and is correlated with cancer cell proliferation, metastasis, invasiveness and drug resistance ([@b30-ijmm-43-03-1356]-[@b32-ijmm-43-03-1356]), Map2k6 can effectively inhibit cell proliferation and induce apoptosis in ovarian cancer HO8910 cells ([@b33-ijmm-43-03-1356]). In addition, downregulation of Gcnt2 can promote DNA hyper-methylation ([@b34-ijmm-43-03-1356]), and enhance cell migration and invasion in breast cancer and prostate cancer ([@b35-ijmm-43-03-1356],[@b36-ijmm-43-03-1356]). Lastly, ectopic expression of zinc finger MIZ-type containing 1 (Zmiz1) induces cutaneous squamous cell malignancies in a mouse model of cancer ([@b37-ijmm-43-03-1356]). In the present study, the expression levels of En2, Rnd3, Sox7, Mthfd2, β4GalT, Gcnt2 and Zmiz1 were downregulated, while MaP2K6 was upregulated following BV administration, which suggested that these genes were involved in the process of CIR following BV treatment.

The second category was related to the development and function of the nervous system, and included the genes Csrnp1 and En2. Cystein-serine-rich nuclear protein 1 (Csrnp1) is essential for cephalic neural progenitor proliferation and survival in zebrafish ([@b38-ijmm-43-03-1356]). EN2 has key roles in developing mesencephalic dopa-minergic (mDA) neurons and also impacts on the adult mDA neuronal biological function ([@b39-ijmm-43-03-1356]). In the present study, the expression change of Csrnp1 and En2 may regulate the functional remodeling in our experiment condition.

The third category related to the anti-inflammatory response, and included the genes Litaf, Zc3h12d and Rgs1. LPS-induced TNF factor is known to activate the transcription of multiple cytokines, such as TNF-α, IL-8 and IL-β, in a variety of cellular processes and many inflammatory diseases ([@b21-ijmm-43-03-1356],[@b40-ijmm-43-03-1356]-[@b42-ijmm-43-03-1356]). Zc3h12a and Zc3h12d recognize a set of common target mRNAs encoding proteins that serve important roles in the course of the inflammation ([@b43-ijmm-43-03-1356]). By reducing the stability of mRNAs encoding proinflammatory factors, Zc3h12d attenuates inflammatory responses ([@b44-ijmm-43-03-1356],[@b45-ijmm-43-03-1356]). Regulator of G-protein Signaling (Rgs1) can inhibit chemokine receptor signaling as potential therapeutic targets in leukocyte trafficking and vascular inflammation ([@b46-ijmm-43-03-1356]). Endothelial cell-specific molecule-1 (Esm1) is secreted by endothelial cells and upregulated by inflammatory cytokines, such as TNF ([@b47-ijmm-43-03-1356]). In the present study, the increase of Litaf, Zc3h12d and Rgs1 may be associated with the anti-inflammation activity in CIR brains following BV treatment.

The fourth category was related to angiogenesis, and included the genes Rnd3, Sox7, Ets1, Esm1 and Esm1. Rnd3 acts as a novel proangiogenic factor involved in cardiac responsive angiogenesis through HIF1α-VEGFA signaling promotion ([@b24-ijmm-43-03-1356]). Sox7 regulates angiogenesis and vasculogenesis through mechanisms that are redundant with those of Sox18 ([@b48-ijmm-43-03-1356],[@b49-ijmm-43-03-1356]). TF-bearing mEMPs increase angiogenesis operating via paracrine regulation of neighboring endothelial cells, signaling through the β1-integrin pathway Rac1-ERK1/2-Ets1 and triggering CCL2 production to form new and competent mature neovessels ([@b50-ijmm-43-03-1356]). Esm1 promotes the angiogenesis and tumor cell growth of prolactinomas ([@b51-ijmm-43-03-1356]). Together, the expression of those molecules may regulate the angiogenesis process that is beneficial to the vessel development in ischemia brains following BV administration.

The fifth category was related to cell apoptosis, and included the genes Mafk, Ets1 and Plp2. Protein K (avian) (Mafk) enhances oxidative stress-induced apoptosis ([@b52-ijmm-43-03-1356]). Knockdown of erythroblastosis virus E26 oncogene homolog 1 (Ets1) promotes apoptosis in myocardial ischemic reperfusion injury ([@b53-ijmm-43-03-1356]). Downregulation of Plp2 increases endoplasmic reticulum-stress-induced neuronal apoptosis and risk for adverse neurological outcomes after hypoxia ischemia injury ([@b54-ijmm-43-03-1356]). Inhibiting Tagln2 expression could mediate the hypoxia-induced apoptosis in cardiac myocytes ([@b55-ijmm-43-03-1356]). Therefore, these gene expressions may influence function by regulating cell apoptosis in the present model.

Finally, the sixth category includes genes such as Rhoq, slc25a25, vps37c, P4hb, Scn4b and Zkscan1. Overexpression of member Q (Rhoq) may increase invasion potential in colorectal cancer ([@b56-ijmm-43-03-1356]). Solute carrier family 25 (slc25a25) is localized in the mitochondrial inner membrane and maintains ATP homeostasis and endurance performance ([@b57-ijmm-43-03-1356]). Derepression of the slc25a25 can boost mitochondrial respiration and promote the product of ATP ([@b58-ijmm-43-03-1356]). Hyperoxia reduces the survival benefit of U87 and U251 cells with prolyl 4-hydroxylase β polypeptide (P4hb) over-expression through the unfolded protein response (UPR) ([@b59-ijmm-43-03-1356]). When cultured mouse cerebral cortical neurons were exposed to hypoxia for 24 h, P4hb was upregulated, and it may participate protein-ubiquitination pathways in the neuronal response to hypoxia ([@b59-ijmm-43-03-1356]). Vacuolar protein sorting 37 homolog C (vps37c) is a component of endosomal sorting complex required for transport-I important for viral budding ([@b60-ijmm-43-03-1356]). Guca1b is upregulated in dog heart failure ([@b61-ijmm-43-03-1356]). Sodium channel voltage-gated type IV β (Scn4b) function may relate with Na^+^ channels ([@b62-ijmm-43-03-1356]). In adenocarcinomas of the gastroesophageal junction, Zkscan1 mRNA is overexpressed ([@b63-ijmm-43-03-1356]). The present study is the first to report that the aforementioned genes are involved in the neuroprotection activity of BV in treated CIR rats.

Furthermore, the present study screened a series of miRNAs and several crucial findings were observed in CIR rats following BV administration. By analysis of bionetwork, these miRNAS were predicted to function with their target mRNAs. Compared with the S group, miR-27a, miR-126a-3p, miR-181b-5p, miR-664, miR-124-5p and miR-204-5p were downregulated in the C group and upregulated in the BV group, while miR-935 was upregulated in the C group and downregulated in the BV group. A previous study indicated that miR-27 might unravel unknown pathways in virus-associated CNS dysfunction ([@b64-ijmm-43-03-1356]). The present results revealed that BV administration on CIR rats induced downregulation of En2, Rnd3 and Sox7 (the target genes of miR-27a) which may promote cell proliferation; downregulation of Litaf, Zc3h12d, Rgs1 (the target genes of miR-27a) may promote anti-inflammatory response; downregulation of Rnd3 and Sox7 (the target genes of miR-27a) may inhibit angiogenesis; and downregulation of Csrnp1and En2 (the target genes of miR-27a) are poorly expressed to CNS. In sepsis, the downregulation of miR-126a-3p in endothelial cells resulted in increased apoptosis, and decreased proliferation and migration ([@b65-ijmm-43-03-1356]). The present results suggested that BV administration in CIR rats induced downregulation of Mafk (the target gene of miR-126a-3p) and may promote cell apoptosis; while downregulation of Mthfd2 (the target gene of miR-126a-3p) may inhibit cell proliferation; and downregulation of Sox7 (the target gene of miR-126a-3p) may promote cell proliferation. miR-181b-5p participates in eosinophilic airway inflammation by regulating IL-13, IL-1β and CCL11 expression via targeting SPP1 ([@b66-ijmm-43-03-1356]). The present results indicated that BV administration in CIR rats induced the change of miR-181b-5p, supporting its role in the current model. miR-664 has been known to negatively regulate proteolipid protein 2 (Plp2), promote cell proliferation and invasion in T-cell acute lymphoblastic leukaemia and melanoma ([@b67-ijmm-43-03-1356],[@b68-ijmm-43-03-1356]). Combining knowledge from the PubMed database with the current results suggests that BV administration in CIR rats induced downregulation of Zmiz1 (the target gene of miR-664) to inhibit cell proliferation. miR-124-5p functions are as a tumor suppressor and serve as a molecular marker for glioma diagnosis ([@b69-ijmm-43-03-1356]). In addition, BV administration in CIR rats induced downregulation of P4hb (the target gene of miR-124-5p), which may participate in protein-ubiquitination pathways in the neuronal response to hypoxia; moreover, downregulation of Zkscan1 (the target gene of miR-124-5p) mRNA may relate to the gastroesophageal junction. Overexpression of miR-935 promotes cell proliferation of gastric cancer and lung cancer ([@b70-ijmm-43-03-1356],[@b71-ijmm-43-03-1356]), where the target gene Ets1 is not consistant with the miRNA-mRNA regulatory mechanism following qPCR testing.

In addition, for miR-204-5p, several studies have demonstrated that miR-204 is significantly increased at 24 h post-oxygen-glucose deprivation (OGD) by using RT-qPCR to determine the expression of 16 miRNAs of interest at 1 and 24-h post-OGD ([@b72-ijmm-43-03-1356]). Overexpression of miR-204-5p inhibits cell migration and proliferation in glioma cancer ([@b73-ijmm-43-03-1356]). Through the luciferase reporter assay, the present results confirmed the regulation of miR-204-5p on the target gene Ets1, and Ets1 was downregulated in CIR rats following BV administration. It has been reported that Ets1 mRNA is increased following MCAO-induced stroke ([@b74-ijmm-43-03-1356]). Ets1 was required for activation of RAS-regulated cell migration genes, but also identified a surprising role for Ets1 in the repression of genes such as DUSP4, DUSP6 and SPRY4 that provide negative feedback to the RAS/ERK pathway ([@b75-ijmm-43-03-1356]). The present results suggested that miR-204-5p directly regulates Ets-1, which may indicate a potential mechanism by which BV improves neural behavior in CIR rats.

The present study provides a global view of the influence of miRNA/mRNA expression on the genomic response in CIR rats following BV treatment. miR-27a, miR-181b-5p, Litaf, Zc3h12d and Rgs1 have been demonstrated to participate in inflammatory response. BV treatment upregulated miR-27a, miR-181b-5p and miR-204 5p expression and induced their target genes downregulation to influence the anti-inflammatory effect of BV in CIR. Therefore, BV may influence crucial biological functions, such as cell proliferation, apoptosis, maintaining ATP homeostasis and angiogenesis, by miRNAs regulating target genes, such as miRNA 204-5p directly targeting Ets1.
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CIR

:   cerebral ischemia reperfusion injury

BV

:   biliverdin

CO

:   carbonic oxide

miRNA

:   microRNA

MCAO

:   middle cerebral artery occlusion

SPF

:   specific pathogen free

ip

:   intraperitoneally

RCCA

:   right common carotid artery

CBF

:   cerebral blood flow

TTC

:   2,3,5-triphenyltetrazolium chloride

![TTC stain and NSS test in the experimental groups. (A) Representative images of TTC-stained coronal slices at 48 h post-reperfusion from the three groups. Non-ischemic region is red, and infarct region appears as white color. (B) The infarct volume % of cerebral hemisphere in the three groups. (C) NSS test results in the three groups. Data are presented as mean ± standard deviation (n=3). ^\*\*^P\<0.01 vs. group S; ^\#^P\<0.05 vs. group C. TTC, 2,3,5-triphenyltetrazolium chloride; NSS, neurological severity score; BV, biliverdin; dpr, days post reperfusion.](IJMM-43-03-1356-g00){#f1-ijmm-43-03-1356}

![Heatmap of miRNA profiling following different treatments. Heatmap of hierarchical clustering showing 86 significantly regulated miRNAs in S, C, and BV groups. (A) A total of 54 miRNAs were downregulated in the C group compared with eth S group, and upregulated in the BV group compared with the C group. (B) The other 32 miRNAs displayed an opposite trend to panel A. The color code in the heat maps is linear with green as the lowest and red as the highest expression. BV, biliverdin.](IJMM-43-03-1356-g01){#f2-ijmm-43-03-1356}

![qPCR validation of miRNA array. (A) Normalizing ratios of candidate miRNAs detected on the microarrays. (B) qPCR results of selected miRNAs. Results are presented as mean ± standard deviation (n=6). ^&^P\<0.05 group BV vs. group S; ^\#^P\<0.01 group C vs. group S; ^\*^P\<0.01 group BV vs. group C. qPCR, quantitative polymerase chain reaction; BV, biliverdin.](IJMM-43-03-1356-g02){#f3-ijmm-43-03-1356}

###### 

GO and KEGG analysis of candidate miRNA target genes. (A) The top 10 significantly GO and KEGG terms of \'Up/Down\' miRNA group target genes. (B) The top 10 GO and KEGG terms of \'Down/Up\' miRNA group target genes. The shared GO terms of the two microRNA target gene groups are associated with receptor signaling protein serine/threonine kinase activity (molecular function), ubiquitin ligase complex, and chromatin (cellular component). Blue, biological process; purple, molecular function; green, cellular component complete; yellow, KEGG. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

![](IJMM-43-03-1356-g03)

![](IJMM-43-03-1356-g04)

![Relationships between miRNAs and their predicted gene targets. (A) Relationships between 11 miRNAs and their 126 overlapped predicted target genes. (B) Relationships between 10 miRNAs and their 33 candidate genes verified through qPCR testing. Orange, qPCR-verified miRNAs; blue, overlapped predicted target genes of 10 microRNAs verified through qPCR; purple, qPCR-verified miRNAs; green, the candidate genes of the core \'miRNA-mRNA\' regulatory network after qPCR testing; yellow, the candidate genes not consistent with the \'microRNA-mRNA\' regulatory mechanism after qPCR testing. qPCR, quantitative polymerase chain reaction.](IJMM-43-03-1356-g05){#f5-ijmm-43-03-1356}

![qPCR validation of target mRNAs. Data are presented as mean ± standard deviation (n=6). ^&^P\<0.05 group BV vs. group S; ^\#^P\<0.01 group C vs. group S; ^\*^P\<0.01 group BV vs. group C. qPCR, quantitative polymerase chain reaction; BV, biliverdin.](IJMM-43-03-1356-g06){#f6-ijmm-43-03-1356}

![Determination of Ets1 as a direct target of mo-miR-204-5p. (A) The miR-204-5p binding site in the 3\'UTR region of Ets1 was highly conserved among several miRNAs. (B) 293T cells were transfected with the luciferase construct containing the 3\'UTR of 6 targeted genes of miR-204-5p together with the miR-204-5p mimics or NC miRNA. (C-H) Quantification of luciferase activity. ^\*^P\<0.05 compared with the NC plasmid. UTR, untranslated region; NC, negative control.](IJMM-43-03-1356-g07){#f7-ijmm-43-03-1356}

![Experimental flow diagram. The blue portion explains the animal experimental groups. The white portion of the diagram describes the miRNA-gene integration and analysis. Significantly regulated miRNAs were selected and separated into two groups based on expression pattern. miRNAs that were succesfully validated by qPCR were selected for further analysis. TargetScanv6.2, miRmap, miRDB analyses were used to identify gene targets of candidate miRNAs; only those genes that overlapped in all three analyses were included for GO and KEGG analysis. A total of 49 genes from the mRNA array overlapped with miRNA target genes, and 33 of them were selected for qPCR testing. As a result, 26 candidate genes and 10 miRNAs were identified as a core \'microRNA-mRNA\' regulatory network. qPCR, quantitative polymerase chain reaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MCAO, middle cerebral artery occlusion.](IJMM-43-03-1356-g08){#f8-ijmm-43-03-1356}

###### 

Experimental groups and methods.

       Number of rats       
  ---- ---------------- --- ---
  S    3                3   6
  C    3                3   6
  BV   3                3   6

TTC, 2,3,5-triphenyltetrazolium chloride; NSS, neurological severity score; qPCR, quantitative polymerase chain reaction; S, sham; C, cerebral ischemia reperfusion injury; BV, Biliverdin.

###### 

miRNA array ratios following normalization and fold change.

                     microRNA array ratio after normalization   Fold change                           
  ------------------ ------------------------------------------ ------------- ------- ------- ------- ---------
  rno-miR-324-5p     0.09                                       0.62          0.04    6.59    17.59   Up/down
  rno-miR-3072       0.29                                       1.15          0.23    3.91    5.03    Up/down
  rno-miR-124-3p     26.93                                      126.82        37.02   4.71    3.43    Up/down
  rno-miR-375-5p     0.06                                       0.264         0.07    4.51    3.62    Up/down
  rno-miR-3573-3p    6.33                                       28.02         10.82   4.43    2.59    Up/down
  rno-miR-150-5p     2.11                                       8.58          2.35    4.07    3.65    Up/down
  rno-miR-935        0.20                                       0.73          0.23    3.60    3.21    Up/down
  rno-miR-133a-3p    0.16                                       0.57          0.11    3.53    4.94    Up/down
  rno-miR-539-3p     1.37                                       4.40          0.75    3.20    5.88    Up/down
  rno-miR-370-3p     0.14                                       0.44          0.16    3.14    2.77    Up/down
  rno-miR-181b-5p    3.17                                       0.03          1.51    116.9   55.69   Down/up
  rno-miR-204-5p     1.55                                       0.02          0.82    68.77   36.55   Down/up
  rno-miR-664-1-5p   0.81                                       0.02          0.60    32.67   24.00   Down/up
  rno-miR-136-5p     19.47                                      0.64          14.36   30.41   22.42   Down/up
  rno-miR-126a-5p    4.24                                       0.11          2.24    37.64   19.86   Down/up
  rno-miR-124-5p     0.75                                       0.02          0.30    47.74   19.25   Down/up
  rno-miR-363-5p     2.09                                       0.06          0.78    35.69   13.28   Down/up
  rno-miR-27a-3p     4.85                                       0.23          2.88    21.51   12.76   Down/up
  rno-miR-29b-3p     24.68                                      1.41          15.96   17.51   11.32   Down/up
  rno-miR-376a-5p    0.84                                       0.02          0.34    41.32   16.92   Down/up

S, sham; C, cerebral ischemia reperfusion injury; BV, Biliverdin.

###### 

Primer sequence cat. nos for microRNAs.

  microRNA           Catalog number
  ------------------ ----------------
  rno-miR-29c-3p     RmiRQP0375
  rno-miR-181b-5p    RmiRQP0234
  rno-miR-204-5p     RmiRQP0306
  rno-miR-664-1-5p   RmiRQP3276
  rno-miR-136-5p     RmiRQP0173
  rno-miR-126a-5p    RmiRQP0098
  rno-miR-124-5p     RmiRQP0073
  rno-miR-376a-5p    RmiRQP1253
  rno-miR-363-5p     RmiRQP0450
  rno-miR-27a-3p     RmiRQP0359
  rno-miR-29b-3p     RmiRQP0373
  rno-miR-324-5p     RmiRQP0412
  rno-miR-3072       RmiRQP2830
  rno-miR-124-3p     RmiRQP0074
  rno-miR-375-5p     RmiRQP3367
  rno-miR-3573-3p    RmiRQP1852
  rno-miR-150-5p     RmiRQP0210
  rno-miR-935        RmiRQP0840
  rno-miR-133a-3p    RmiRQP0166
  rno-miR-539-3p     RmiRQP3241
  rno-miR-370-3p     RmiRQP0456
  U6                 RmiRQP9003

###### 

Primer sequences and annealing temperatures.

  Gene       Primer    Sequence               Annealing temperature
  ---------- --------- ---------------------- -----------------------
  Sox7       Forward   CCTCTGCAGTCACCTTAGCC   51°C
             Reverse   GTCCATGTCGCCAAGAAGTT   
  Fbxo33     Forward   TCCAGCACATACCTCAGCAG   50°C
             Reverse   TGGTGTTGGCAATGGAGTTA   
  Plekha8    Forward   TGCTGAGATCAACCTGCAAC   50°C
             Reverse   GCAATCTGCCTTTGTGGATT   
  Ets1       Forward   ACTGTGTGCCCTGGGTAAAG   53°C
             Reverse   GAGTTCTTCCGAGCTGATGG   
  Gcnt2      Forward   AGCGAAAGGACGTCTGTCAT   51°C
             Reverse   GTAGACGTTCTGGGGCATGT   
  Csrnp1     Forward   GCTTTCAGTGTCCGGAGTTC   53°C
             Reverse   GCCATCACAGTGACAACCAC   
  En2        Forward   CCAGGTCTCGAAAACCAAAG   50°C
             Reverse   ACCGCCAAAGTGTTCTTGTT   
  Rgs1       Forward   AACTCCTTGCCAACCAGATG   50°C
             Reverse   TGTGGGAGTTGGTGTTTTGA   
  Litaf      Forward   TCCAGGACCTTACCAAGCAG   50°C
             Reverse   AGGAAGGACAGCACATCTGG   
  Rnd3       Forward   CGGACAGATGTCAGCACACT   51°C
             Reverse   GTGGCCCTCTGTGATTTGTT   
  Zc3h12d    Forward   GAAGGATGGCGTCATTGTCT   51°C
             Reverse   TCTCCGGGTGGTAGAATCTG   
  P4hb       Forward   CAATTTTGCCACCACTTCCT   50°C
             Reverse   CTTCCACCTCATTGGCTGTT   
  Mthfd2     Forward   TCCTTGCGGACATTGTGATA   50°C
             Reverse   TCTGGCCTGAGCACTTTCTT   
  Mafk       Forward   GACTAATCCCAAGCCCAACA   51°C
             Reverse   TCCAGCTCCTCCTTCTGTGT   
  B4galt1    Forward   GGCCTGAAGAGCAACTTGAC   50°C
             Reverse   AATGATGGCCACCTTGTGA    
  Slc25a25   Forward   CTTGATGGGCAACTGGACTT   51°C
             Reverse   ACTCGTTCCAGTCGATGGTC   
  Esm1       Forward   TGATTTCGGTGACGAGTTTG   49°C
             Reverse   TCTCTCACAGCATTGCCATC   
  Vps37c     Forward   GCATGAAGATCGAGGAGGAG   54°C
             Reverse   TAGGGCAAAGGGTAGGGAGT   
  Zmiz1      Forward   ACTCTGTCGCACAGTGATGG   51°C
             Reverse   TGGAGAACTGTTGCTGTTGC   
  Rhoq       Forward   TTCGACCACTACGCAGTCAG   50°C
             Reverse   AAGGGGACATTTGGTGCATA   
  Plp2       Forward   CTACTCCTCCCTGTCGGTGA   51°C
             Reverse   TCGTAGCCAAAGAGCAAGGT   
  Zkscan1    Forward   GGTTCAGGCGCTTCTGTTAC   53°C
             Reverse   GCCTCTTCTCCACTGTCAGG   
  Dgkg       Forward   TGTCCACCAACGCTGTGTAT   51°C
             Reverse   GGTAGGCAGCAAAATGTGGT   
  Megf9      Forward   TACTCCTCCTCCCCCAGAGT   51°C
             Reverse   GTGACACCCAGTTTGCATTG   
  Zbtb3      Forward   CAGGTCCAGGGCAGTATCAT   53°C
             Reverse   GAGGTCCCCTGACTGTGTGT   
  Guca1b     Forward   TGGAACACAAGCTCAAGTGG   52°C
             Reverse   AGACAGCTGACCGTCTCCAT   
  Pnrc1      Forward   GAAAATTTCCCCTCCCCATA   50°C
             Reverse   TCTTCCCTCGGTTTTCCTTT   
  Ankrd12    Forward   CAGCAGTGGGCACAGAGATA   51°C
             Reverse   GGCTTCCACAGACGAAAGAG   
  Kcnab3     Forward   ATTTGCCAATCGTTCAGACC   51°C
             Reverse   TCTCCACCTTCTCCCTCTGA   
  Map2k6     Forward   AGTGGACTGTCCGTTTACCG   50°C
             Reverse   TGAGCACATTTGAAGGCTTG   
  Scn4b      Forward   GCCACCACCATCTACGCTAT   53°C
             Reverse   CTCTAGGGTGATGCGGTCAT   
  Cmklr1     Forward   GTGCCCCTACCACACACTCT   53°C
             Reverse   TGGTGAAGCTCCTGTGACTG   
  β-actin    Forward   TACTCCTGCTTGCTGATCCA   53°C
             Reverse   CTGTCCACCTTCCAGCAGA    

###### 

MABP and HR in the different experimental groups.

  Group   MABP (mmHg)   HR (bpm)                                                                                                                
  ------- ------------- ---------------------------------------------------------------------------------------------------------- ------------ ------------------------------------------------------------------------------------------------------------
  S       76.6+7.5      76.4+4.3                                                                                                   329.2+9.1    330.2+15.3
  C       75.6+3.9      63.2+4.3[a](#tfn3-ijmm-43-03-1356){ref-type="table-fn"}                                                    327.2+13.1   351.2+24.1[b](#tfn4-ijmm-43-03-1356){ref-type="table-fn"}
  BV      75.8+4.5      68.8+3.6[b](#tfn2-ijmm-43-03-1356){ref-type="table-fn"}, [c](#tfn3-ijmm-43-03-1356){ref-type="table-fn"}   328.8+8.8    343.4+10.3[b](#tfn2-ijmm-43-03-1356){ref-type="table-fn"}, [c](#tfn3-ijmm-43-03-1356){ref-type="table-fn"}

P\<0.05 compared with the S group;

P\<0.01 compared with the S group;

P\<0.05 compared with the C group. MABP, mean arterial blood pressure; HR, heart rate; S, sham; C, cerebral ischemia reperfusion injury; BV, Biliverdin; bpm, beats per minute.

[^1]: Contributed equally
